We investigated marine and terrestrial environmental changes at the northern 20 Japan margin in the northwestern Pacific during the last 23,000 years by analyzing 21 biomarkers (alkenones, long-chain n-alkanes, long-chain n-fatty acids, and 22 lignin-derived materials) in Core GH02-1030. The U 37 K ' -derived temperature in the last 23 2 glacial maximum (LGM) centered at 21 ka was ~10˚C, which was 2˚C lower than the 24 core-top temperature (~12˚C). This small temperature drop does not agree with pollen 25 evidence of a large air temperature drop (more than 4˚C) in the Tokachi area. This 26 disagreement might be attributed to a bias of U 37 K ' -derived temperature within 2.5˚C by 27 a seasonal shift in alkenone production. The U 37 K ' -derived temperature was significantly 28 low during the last deglaciation. Because this cooling was significant in the 29
Introduction 41
The last glacial period (~117-12 ka) ended with the last deglaciation (Termination 42 I; ~19-7 ka). The onset of sea-surface warming varied in different regimes (in the Helium was used as a carrier gas, and the flow velocity was maintained at 30 cm/s. 145
The alkenone unsaturation index U 37 K ' was calculated from the concentrations of di-and 146 tri-unsaturated C 37 alken-2-ones (C 37 MK) using the expression (Brassell et al., 1986) : 147 respectively. Pyrolysis gas chromatography-mass spectrometry with in situ methylation 154 with tetramethylammonium hydroxide (TMAH-pyrolysis-GC/MS) was carried out 155 using a Japan Analytical Industry JHP-5 Curie point pyrolyzer that was directly 156 connected to the injection port of a Hewlett Packard 5973 gas chromatograph-mass 157 selective detector. The column used was a Chrompack CP-Sil5CB (length, 30 m; i.d., 158 0.25 mm; thickness, 0.25 μm). The sediment sample (ca. 20 mg) was placed on a Ni-Co 159 pyrofoil plate with 30 μl of 5% TMAH in methanol and 20 μl of internal standard 160 solution (0.1 g/L n-nonadecanoic acid in hexane). The methanol and hexane were dried 161 in room temperature, and the sample was wrapped in pyrofoil. The sample was heated 162 at 590°C for 20 sec in the pyrolyzer, and the generated compounds were transferred to 163 the GC splitless injection system at 300°C with a helium carrier gas. The oven 164 temperature was programmed from 70 to 310°C at 4°C/min after the initial hold time of 165 were obtained at 70 eV. Identification of n-fatty acids and lignin phenols was achieved 168 by comparison of their mass spectra and retention times with those of authentic 169 standards. The standard deviations in three duplicate analyses averaged 13% of the 170 concentration for total fatty acids. The standard deviations in replicate analysis (five 171 times) were 10, 7, 15, and 8% of the concentration for total syringyl phenol (S), total 172 vanillyl phenols (V), total cinnamyl phenol (C), and total eight lignin (Σ8; S+V+C), 173 respectively, and they were 0.01, 0.03, and 0.06 for S/V and C/V ratios and the ratio of 174 acid to aldehyde of vanyllyl phenol [(Ad/Al) v ratio], respectively. 175
Total organic carbon content was measured following the method of 176
Yamamoto (2004) using a LECO WR-112 carbon analyzer. The analyzer was attached 177 to a halogen trap (antimony and potassium iodide). To remove carbonate carbon, the 178 sample was acidified according to the following procedure. The sample (~0.1 g) was 179
soaked in 1-M HCl solution in a ceramic crucible overnight and was heated at 110°C for 180 3 hr after adding new 1-M HCl. The sample was rinsed to remove chlorides by twice 181 adding pure water, and was heated again at 110°C for 3 hr. The precision of 182 measurement was better than 0.01 wt%. 183 184
Results 185

Total organic carbon contents 186
Total organic carbon (TOC) content varied between 0.4 and 2.0 wt% of dry 187 sediment, with an average of 1.1 wt% (Fig. 4A) , and showed a decreasing trend with 188 increasing depth. Maximal peaks of TOC content were observed at ~14.2 and ~4.4 ka. 189 mg/g-sediment, with an average of 0.67 mg/g-sediment. The concentration abruptly 193 increased at ~14.5 ka (Fig. 4B) . The average concentrations before and after 15 ka were 194 0.22 and 1.20 mg/g of sediment, respectively, and the concentration level rose 5.5 times 195 at 15 ka. 196
The temperature varied between 7.4 and 14.4˚C during the last 23 kyr (Fig. 4C) . 197
The temperature during the Last Glacial Maximum (LGM) centered at 21 ka was ~10˚C, 198 which was 2˚C lower than the core-top temperature (~12˚C) at the study site (Fig. 4C) . 
Normal fatty acids 209
Total concentrations of short-chain C 14 -C 18 n-fatty acids, derived mainly from 210 marine organisms, showed two maxima at 15 ka and 11 ka (Fig. 4D) . The total 211 concentrations of long-chain C 26 -C 30 n-fatty acids, derived predominantly from higher 212 plants ( Kvenvolden et al., 1967) , were significantly higher from 17.5 to 12 ka than 213 those in other intervals (Fig. 4E) . The abundance ratios of long-chain to short-chain 214 fatty acids, an index of terrestrial organic matter contribution, showed a similar
Normal alkanes 218
Normal-alkanes showed a monomodal homologous distribution with a maximum 219 at C 29 . Their homologous distribution is typical of terrestrial higher plant waxes 220 (Eglinton and Hamilton, 1967). Total concentrations of long-chain n-C 27 , C 29 and C 31 221 alkanes, derived from higher plants, tended to be higher from 17.5 to 9 ka than in other 222 intervals ( with an average of 0.062 (Fig. 4I) . Λ (mg/100mg-TOC), which is the total amount (in 234 mg) of the above-mentioned eight lignin phenols in 100 mg of TOC (Hedges and Mann, 235 1979a), varied between 0.008 and 0.259, with an average of 0.063 (Fig. 4J ). Σ8 and Λ 236 were higher from 18.4 to 17.2 ka and from 15.4 to 12.5 ka than during the other 237 intervals (Figs. 4I and 4J ). The Σ8 and Λ were much smaller than those of riverineand Λ = 0.69-2.94, n = 4, M. Inagaki, unpublished data), implying that the organic 240 matter in the core is mainly of marine origin. 241
The ratios of syringyl (S) to vanillyl (V) phenols (S/V ratio) and of cinnamyl (C) 242 to vanillyl (V) phenols (C/V ratio) were used for the assessment of paleovegetation (e.g., 243
Hedges and Mann, 1979b; Goñi and Hedges, 1992). The S/V ratio, which is a 244 
Sea surface temperatures during the Last Glacial Maximum 262
The U 37 K ' -derived temperature record from Core GH02-1030 is characterized by 263 relatively warm temperatures during the LGM (Fig. 5A ). The temperature in the LGM 264 centered at 21 ka was ~10˚C, which was 2˚C lower than the core-top temperature 265 
50N; Harada et al., 2006b). 296
We predicted a possible increase in the U 37 K ' -derived temperature when the onset 297 of alkenone production was delayed based on the one-year sediment-trap data of the 298 flux-weighted U 37 K ' -derived temperature at 39˚N, 147˚E in 1998 (Site WCT-2; 299 Yamamoto et al., 2007) . The delay in the onset of alkenone production by 1 month 300 (early May onset) induced only a 0.1˚C rise and delays 2 (early June), 3 (late June), 4 301 (late July), 5 (late August), or 6 (late September) months resulted in a total increase in 302 U 37 K ' -derived temperatures of 0.7˚C, 0.9˚C, 2.1˚C, 2.2˚C, and 2.5˚C, respectively (Fig. 6) . 303
This calculation implies that U 37 K ' -derived temperature can be biased by up to 2.5˚C 304 when the onset of alkenone production shifts from April to September. 305 A sediment-trap study at a cooler site (50˚N, 165˚E) demonstrated a short period 306 of alkenone production in October and November (Harada et al., 2006b ). The seasonal 307 shift of haptophyte blooms is presumably caused by the temperature dependence of the 308 growth rates of these algae, which was demonstrated by culture experiments (Conte et 309 al., 1998). These observations support our hypothesis that the U 37 K ' -derived temperatureIgarashi, unpublished data). The southern limit of Larix is south Sakhalin Island in the 313 modern natural flora (e.g., Igarashi and Igarashi, 1998). The July temperature at 314
Korsakov in south Sakhalin is 14.8˚C (Japan Weather Association, 1982), but 18.3˚C at 315
Obihiro in the Tokachi area, onshore of the study site (National Astronomical 316
Observatory, 2000); the temperature difference is thus ~4˚C. This suggests that the 317 summer air temperature in the Tokachi area during the LGM was more than 4˚C lower 318 than that at present. This air temperature drop was larger than the drop of the 319
If there was no seasonal shift of alkenone production, 320 the difference suggests the mismatch of temperature changes between atmosphere and 321 ocean surface. If there was a seasonal shift, the difference in SST between the LGM and 322 present is possibly a maximum of 4.5˚C, which agrees with the estimated difference in 323 air temperature (>4˚C). 324 325
Cooling during the last deglaciation 326
The U 37 K ' -derived temperature record from Core GH02-1030 is characterized by 327 cooling events during the last deglaciation from 17 to 10 ka (Fig. 5A) . The general trend 328 in U 37 K ' -derived temperatures is consistent with that of foraminiferal Mg/Ca-based 329 temperatures (Sagawa and Ikehara, 2008). The temperatures were even lower than those 330 during the LGM. The seasonal shift in alkenone production less likely enhanced a 331 temperature drop, because alkenone producers prefer warmer water (Conte et al., 1998), 332 but mutes the drop by shifting the production to a warmer season. The seasonal shift of 333 alkenone production was, therefore, less likely to account for the cooling during the lastdeglacial, based on abundant Larix pollen in terrestrial boring cores, which she called 337 the "Kenbuchi Stadial". This stadial was not precisely defined in age by Igarashi (1996) (Fig. 4N) . Larix dominated in the 342
LGM and continued to be present from 18.5 to 8.5 ka. In contrast to terrestrial boring 343 cores from central Hokkaido (Igarashi, 1996) , pollen record from Core GH02-1030 did 344 not show a "Kenbuchi stadial"-like cold reversal during the last deglaciation, but 345 showed a slow and gradual warming from 15 to 9 ka (Yaeko Igarashi, unpublished data). 346
Cooler sea surface temperatures during the last deglaciation at Core GH02-1030 might 347 be related to this slow warming on land. terrigenous organic matter from the continental shelves of the northern margin because 379 ice rafts decreased during the last deglaciation in the Sea of Okhotsk (Seki et al., 2003) . 380 and 7-12, respectively, in the TMAH procedure (Hatcher et al., 1995) . In Core 384 GH02-1030, the Ad/Al v values ranged from 0.3 to 6.2, with an average of 2.3 (Fig. 4M) . 385
This suggests that the lignin was not highly degraded but slightly or moderately 386 degraded by aerobic microbes. Relatively high values were observed from ~19 to ~7 ka 387 (Fig.4M) , implying the transportation of more degraded terrigenous organic matter into 388 the study site. 389
Spikes of low CPI appeared from 17 to 11 ka (Fig. 4H) . Since CPI decreases with 390 increasing thermal maturity in sedimentary rock (e.g., Philipi, 1965), the spikes of low 391 CPI in the last deglacial samples indicate the contribution of mature sedimentary 392 organic matter. This suggests that Tertiary sedimentary rocks exposed in the Tokachi 393 district onshore of the study site were eroded and mature organic matter was transported 394 to the study site during the last deglaciation. phenomenon in the Sea of Okhotsk as being due to the same mechanism. The average 403 rate of sea level rise was ~1 cm/yr during the last deglaciation, and such a rapid rise 404 could have enhanced coastal erosion. This hypothesis is consistent with the increases in 405 mature sedimentary organic matter and more degraded terrestrial organic matter duringduring the last deglaciation also could have increased the discharge of terrestrial organic 409 matter to the study site (Fig. 7) . Geomorphological studies of river terraces on the 410 (Fig. 7) . Mountainous regions were less vegetated (Ono and Hirakawa, 427 1975) and could not supply substantial higher-plant debris to the river waters. During 428 the last deglaciation, the alluvial plain developed as a result of sea level rise, and 429 organic matter was efficiently fed to rivers from the bank erosion by meandering rivers (Fig. 7) . The presence of altered lignin and mature organic matter in this interval 431 suggests that the reworking process of terrestrial organic matter was more important 432 during this period than other periods. During the Holocene, the deposition center shifted 433 landward, and the transportation of terrestrial organic matter to the study site decreased 434 (Fig. 7) . 435 436
Conclusions 437
The U 37 K ' -derived temperature record from Core GH02-1030 is characterized by 438 relatively warm temperatures during the LGM. The temperature in the LGM centered at 439 21 ka was ~10˚C, which was 2˚C lower than the core-top temperature (~12˚C). An 440 evaluation based on modern sediment trap data suggests that U 37 K ' -derived temperature 441 can be biased by up to 2.5˚C when the onset of alkenone production shifts from April to 442 September. If there was the seasonal shift of alkenone production, the difference in SST 443 between the LGM and present is possibly a maximum of 4.5˚C, which agrees with the 444 difference in air temperature (>4˚C) estimated from pollen assemnbages. 445
The U 37 K ' -derived temperature record from Core GH02-1030 is characterized by 446 cooling events during the last deglaciation (Fig. 5A) . These cooling events are 447 correlated with the "Kenbuchi Stadial" previously reported from pollen records of 448 inland Hokkaido (Igarashi, 1996) . The variation of U 37 K ' -derived temperature in Core 449 GH02-1030 was nearly parallel to those off the coast of central and northeastern Japan. were not used for the age-depth model. 654 
